The APPswe (Swedish) mutation in the amyloid precursor protein (APP) gene causes dominantly inherited Alzheimer's disease (AD) as a result of increased b-secretase cleavage of the amyloid-b (Ab) precursor protein. This leads to abnormally high Ab levels, not only in brain but also in peripheral tissues of mutation carriers. Here, we selectively disrupted the human mutant APP SW allele using CRISPR. By applying CRISPR/ Cas9 from Streptococcus pyogenes, we generated allele-specific deletions of either APP SW or APP WT . As measured by ELISA, conditioned media of targeted patient-derived fibroblasts displayed an approximate 60% reduction in secreted Ab. Next, coding sequences for the APP SW -specific guide RNA (gRNA) and Cas9 were packaged into separate adeno-associated viral (AAV) vectors. Site-specific indel formation was achieved both in primary neurons isolated from APP SW transgenic mouse embryos (Tg2576) and after co-injection of these vectors into hippocampus of adult mice. Taken together, we here present proof-of-concept data that CRISPR/Cas9 can selectively disrupt the APP SW allele both ex vivo and in vivo-and thereby decrease pathogenic Ab. Hence, this system may have the potential to be developed as a tool for gene therapy against AD caused by APPswe and other point mutations associated with increased Ab.
INTRODUCTION
Early-onset dominant familial forms of Alzheimer's disease (AD) can be caused by point mutations or deletions in the genes for amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2). To date, more than 30 pathogenic APP mutations have been described, and several of these are located at or near the sites where b-and g-secretase cleave APP to generate amyloid-b (Ab), the peptide that accumulates as extracellular plaques in the AD brain 1 (reviewed in Bertram and Tanzi  2 ) .
The KM670/671NL APP mutation, indigenous to Sweden (APPswe for the mutation and APP SW for the mutant allele), is located at the b-secretase site and results in increased enzymatic cleavage by b-secretase of APP and, thus, increased Ab levels ( Figures 1A and 1B) . 3 Individuals heterozygous for APP SW have been reported to display approximately three times higher Ab levels in both brain and peripheral tissues, such as fibroblasts and plasma, as compared to nonmutation carriers. 4, 5 Gene editing by the CRISPR/Cas9 system is currently undergoing a rapid development and has also begun to be evaluated as a therapeutic strategy in various disease models 6 (reviewed in Mali and Cheng 7 and Hsu et al. 8 ). Genomic DNA sequences with certain protospacer adjacent motif (PAM) sites (NGG in the case of Streptococcus pyogenes Cas9) can be targeted with short, approximately 20-nt-long, guide RNAs (gRNAs) that both base pair with these DNA sequences as well as mediate interaction with the Cas9 enzyme. This endonuclease then induces double-stranded DNA breaks 5 0 of the PAM site that, depending on the conditions and cell type, will be repaired by cellular DNA repair pathways that include non-homologous end joining (NHEJ) and homology-directed repair (HDR). 9 NHEJ is the predominant mechanism, 10 which can lead to insertions or deletions (indels)
at the targeted site. These indels can frequently lead to a frameshift in the coding sequence, thereby disrupting the gene expression (essentially by "knocking out" the gene). 11 Thus, the combination of a targeted double-strand break and NHEJ-mediated repair constitutes a potential approach to disrupt dominantly inherited, disease-causing alleles. However, with dominant gene mutations, it will be important to ensure that disruption of the DNA sequence only occurs on the mutant and not on the wild-type allele.
In this study, we developed a CRISPR/Cas9-based strategy to selectively target the mutant allele in the familial form of Alzheimer's disease caused by the APPswe mutation. We hypothesized that disruption of the mutant allele would reduce the overproduction of Ab in patient-derived cells. Moreover, we aimed to apply in vivo AAV delivery of CRISPR/Cas9 to disrupt the APP SW allele in transgenic APPswe mice. An overview of the study design is shown in Figure 2 .
RESULTS
CRISPR/Cas9-Mediated Knockout of APP SW or APP WT in Human
Fibroblasts
To selectively disrupt APP SW or APP WT in the human patient-derived and control fibroblasts, we designed gRNAs against these alleles and transfected cell lines with an expression vector containing Cas9 and gRNA against APP SW or APP WT , respectively. We hypothesized that the APPswe mutation would be ideal for allele-specific recognition, as it consists of a double base change and the mutation is located immediately adjacent to an NGG PAM site in exon 16 of APP, placing it within the "seed" sequence (a 10-to 12-nt-long region proximal to the PAM site important for nuclease activity and specificity 12 ) of a potential gRNA ( Figure 1A ). Because this mutation is close to the No Ab is generated upon a-secretase APP cleavage in the non-amyloidogenic pathway. The APPswe mutation is a better b-secretase substrate than the corresponding wild-type site, and individuals with this mutation develop AD as a consequence of elevated Ab levels. (C) Three different gRNAs targeting the KM670/671NL site (SW1, SW2, and SW3) and one gRNA recognizing the wild-type sequence (WT) were evaluated. The PAM site is depicted in purple.
b-secretase site, we hypothesized that CRISPRmediated disruption of APP upstream of this site would abrogate Ab formation ( Figure 1B ).
We generated and tested three gRNAs with different lengths (SW1: 20 nucleotides, SW2: 19 nucleotides, and SW3: 17 nucleotides) against APPswe and one gRNA against APPwt, i.e., the same site in its non-mutated version (wild-type [WT]: 20 nucleotides; Figure 1C ), to examine genome editing efficiency and specificity in cultured fibroblasts. We made these progressively more truncated gRNAs because our previous work had shown that decreasing the length of complementarity between the gRNA and its target DNA site can increase the specificity of recognition. 13 Fibroblasts from three mutation carriers and two non-mutated subjects from the same family were transfected with plasmids encoding the gRNA and SpCas9 co-translationally expressed with GFP. The GFP-positive cells was sorted by flow cytometry in order to enrich for CRISPR/Cas9-modified cells. Sanger sequencing of DNA from the transfected/sorted cells indicated site-specific gene disruption in GFP + APP SW/WT cells treated with SW1, SW2, and WT gRNAs (Figure 3A) . Additional peaks appearing around and downstream of the predicted cleavage site ( Figure 3A , black arrows) indicated heterogeneity of the DNA samples (i.e., some reads showing indels were sequenced at the same time as reads without indels), characteristic of nuclease-induced mutations ( Figure 3A) . With SW3 gRNA, no indel formation could be detected ( Figure 3A ), suggesting that a 17-nt gRNA was inefficient in disrupting the APP SW allele. In contrast, there was no obvious gene disruption in APP WT/WT cells using the gRNA specific for APPswe ( Figure 3B ). However, we observed robust indel formation in APP WT/WT cells using the WT gRNA ( Figure 3B ).
Next, we characterized and quantified the extent of genome editing using targeted deep sequencing in CRISPR/Cas9-treated APP SW/WT and APP WT/WT fibroblasts ( Figure 3C ). Mutation-bearing cells transfected with an empty vector (EV) (Cas9-GFP without target gRNA) did not show any site-specific indels, and the number of mutant and WT reads in the samples were roughly equal (48.4% versus 50.5%, respectively; Figure 3C, Figure 3C ).
To further confirm the gRNA specificity, we performed targeted deep sequencing of the target site from CRISPR/Cas9-treated and control APP WT/WT cells. Importantly, we did not detect any indel formation in fibroblasts treated with SW1, SW2, and SW3 gRNAs ( Figure 3C ). However, indel formation was evident and very robust with the WT gRNA targeting the APP WT allele ( Figure 3C , bottom). Taken together, these results confirm that the APP WT or APP SW alleles can be specifically targeted with the S. pyogenes CRISPR system. Next, we characterized the type and location of the indels that occurred in SW1-treated APP SW/WT cells ( Figures 3D and 3E ). The most common indel event was a one-base-pair deletion at the predicted CRISPR cleavage site (74.8% of all APP SW reads), represented as a strong drop in coverage corresponding to this base pair position ( Figure 3D ). However, there was also a slight reduction in coverage of the positions preceding this nucleotide position, indicating that larger deletions had also occurred ( Figure 3D ). Approximately 7% of all mutant reads had a deletion of 4 nt, and about 4% of indels consisted of a deletion of 13 nt ( Figure 3E ). Some of these reads could not be assigned as either APP SW or APP WT as the mutation site itself was deleted. The presence of these larger deletions contributed to the number of "unidentified" reads in Figure 3C , the percentage of which was higher where CRISPR action was present (i.e., with SW1, SW2, and WT gRNAs in the case of APP SW/WT cells and WT gRNA in the case of APP WT/WT cells).
CRISPR/Cas9 Treatment Decreases Levels of Secreted Ab
Next, we analyzed the effect of APP disruption at the protein level. Three different CRISPR/Cas9-treated cells lines were sorted for GFP expression and kept in culture for several weeks to generate enough cells for the measurements of intracellular APP and extracellular Ab. Indel formation leading to a frameshift could potentially result in a protein that has a truncated C terminus. We did not see any statistically significant decrease of intracellular APP levels when probing for the C-terminal ( Figures 4A and S1A ) or N-terminal (Figures 4B and S1B) part of the protein, and we also did not see any truncated APP products by western blot using any of the gRNAs ( Figures 4B and S1 ). were used to generate primary cortical neuronal culture. The transgenic cultures were co-transduced for one day with AAV1-Cas9 and either AAV1-gRNA(SW1) at 3 days in vitro (DIV). At 21 DIV, the cells were collected for sequencing. (C) Adult Tg2576 transgenic mice were co-transduced unilaterally in hippocampus with AAV9-Cas9 and AAV9-gRNA(SW1). After 1 or 2 months, the mice were sacrificed and the injected hippocampi and non-injected cerebelli (as controls) were isolated for genomic DNA sequencing.
C D E A B
(legend on next page) peptide levels were assessed by ELISA in conditioned media from gRNA-treated cells, and the levels were normalized for total protein content determined by the bicinchoninic acid (BCA) assay ( Figures  4C and 4D ). In APP SW/WT cells expressing CRISPR/Cas9 ( Figure 4C ), we observed an approximately 60% reduction of Ab40 levels (p < 0.05 and p < 0.01 for two separate cell lines, paired t test, respectively) when using the SW1 gRNA. The levels of Ab42 were decreased by approximately 50% (significant for one of the cell lines; p < 0.05). The SW2 gRNA showed similar degrees of reduction (significant for 2 out of 3 lines for Ab40; p < 0.01 and p < 0.05, respectively) and significant for 1 out of 3 lines for Ab42 (p < 0.05). The SW3 gRNA treatment did not lead to any reduction in Ab40 or Ab42 levels in either of the mutation carrier fibroblasts tested ( Figure 4C ). Furthermore, the gRNA against the WT allele also reduced Ab40 and Ab42 levels by about 50% in APP SW/WT cells in one of the cell lines (p < 0.05; Figure 4C ).
In contrast to the mutant cell lines, none of the gRNAs designed against APPswe led to any reduction of Ab40 and Ab42 in APP WT/WT cells ( Figure 4D ). However, the WT gRNA was highly effective in decreasing Ab40 levels (non-detectable [n.d.] in both control cell lines; p < 0.001 and p < 0.01 for the two cell lines, respectively). Also, the Ab42 levels seemed to be decreased, although the differences did not reach statistical significance ( Figure 4D ).
To compare the levels of secreted Ab40 and Ab42 between CRISPR/Cas9-treated and untreated patient fibroblasts and control fibroblasts, we averaged the ELISA data across all cell lines (from Figures 4C and 4D ) and plotted Ab40 and Ab42 levels as normalized absolute protein concentrations ( Figures 4E and 4F ). In mutant cell lines, Ab40 ( Figure 4E ) and Ab42 ( Figure 4F ) were elevated roughly 6-fold compared to WT cells (p < 0.05 for Ab40; not significant for Ab42; one-way ANOVA; Tukey's post hoc test). Conversely, the SW1 gRNA-treated mutation carriers showed significantly reduced levels of Ab40 (p < 0.05; one-way ANOVA; Tukey's post hoc test; Figure 4E ), but not of Ab42 (Figure 4F ). The SW2 gRNA also seemed to result in a reduction of Ab40, although the difference did not reach statistical significance. Finally, the SW3 gRNA did not change Ab40 and Ab42 levels as compared to the no-gRNA-treated mutation carriers (Figures 4E and 4F).
Overall, the ELISA analyses confirmed that both SW1 and SW2 were effective in decreasing Ab levels in human cells.
CRISPR/Cas9 Treatment Leads to APP Indel Formation in Cultured Primary Neurons and Living Brains of APPswe Transgenic Mice
To extend the CRISPR/Cas9 technology against APP SW to the in vivo situation, we tested whether CRISPR/Cas9-mediated gene disruption could be performed in Tg2576 mice carrying multiple copies of the APPswe mutation. We aimed to directly inject the AAV-vector-packaged SW1 gRNA and Cas9 into the hippocampus of Tg2575 mice, which have multiple copies of human APP SW . We packaged Cas9/ gRNA into exo-AAV1 (for in vitro experiments, as AAV1, but not AAV9 serotype, transduces neurons efficiently in vitro 14 ) and exo-AAV9 vectors (for in vivo injections, as AAV9 serotype is highly efficient in transducing neurons after stereotactic injection in mice 15 ).
First, we evaluated the model by testing the CRISPR/Cas9 system on isolated primary cortical neurons from Tg2576 mice. Nineteen days after transduction, the neurons were analyzed by targeted highthroughput sequencing, which showed an average of 0.7% and 2.3% indel formation in APP SW alleles using 10 4 and 10 5 genome copies of AAV per cell, respectively. In contrast, neurons transduced with AAV-Cas9 and empty vector AAV-gRNA did not show any indel formation ( Figure 5A ). In contrast to the fibroblasts, where the predominant variants were one-base-pair deletions, one-base-pair insertions were the most highly enriched variants upon treatment of mouse cortical neurons ( Figure 5B ). The top three variants, representing over 90% of all reads containing indels, all led to frameshifts in the DNA sequence ( Figure 5C ). To determine whether this low percentage is a result of insufficient AAV delivery or CRISPR action, we also targeted an endogenous reference gene (mouse NC_000085.6 locus, using GGGTGGGACAGAACATCCCC as a gRNA). The AAV-mediated targeting of this site resulted in 13.0% ± 2.4% and 36.2% ± 5.4% indel formation when using 10 5 and 10 6 genome copies of AAV per cell, suggesting efficient AAV delivery and CRISPR action.
After confirming ex vivo efficacy of the AAV-mediated delivery of SW1 gRNA, the AAV vectors encoding for CRISPR/Cas9 were injected into the hippocampus of adult Tg2576 mice (n = 5). After Colors indicate mutant (red), wild-type (green), mutant with indels (light red), and wild-type with indels (light green) reads. For some reads, we were not able to determine their origins as mutant or wild-type (due to sequencing errors or larger deletions), and these are marked as white areas on the pie charts. SW1 and SW2 gRNA resulted in indel formation in the APP Molecular Therapy: Nucleic Acids 6 weeks, the mice were sacrificed followed by DNA analyses. In addition to hippocampus (n = 5), non-injected cerebellum (n = 2) was also analyzed by high-throughput sequencing. All injected animals showed apparent indel formation in APP SW alleles in the hippocampus (an average of 1.3% of the transgenic APP SW alleles displayed indels), whereas the cerebellar tissue showed no indel formation (Figure 5D ; significant; p < 0.05; Mann-Whitney test). The most abundant change was a one-base-pair insertion, similarly to the in-vitro-treated transgenic neurons (Figures 5E and 5F ). We also observed larger deletions close to the target site ( Figures 5E and 5F ).
Taken together, these results confirm that, in primary cortical neurons and in the hippocampus of transgenic mice expressing the APP SW mutation, our CRISPR/Cas9 strategy targeting the mutant APP allele can disrupt this mutation leading to indel formations, resulting in frameshifts of the DNA sequence.
DISCUSSION
There is an urgent need for novel therapies against AD. Although there have been great expectations for immunotherapy targeting Ab, several recent trials have failed to show any clear efficacy. 16, 17 However, other immunotherapy studies, specifically targeting aggregated toxic Ab species, may prove to be more successful. 18, 19 Yet other variations on Ab immunotherapy protocols, as well as inhibitors of APP secretases, are also currently undergoing clinical trials.
Similar to these strategies, our approach also targets Ab but instead at the genetic level. Gene therapy is currently in phase 1 trial for a number of neurological disorders, including Parkinson's disease. 20 Such efforts are propelled by novel tools enabling CNS delivery of agents that selectively target genetic factors underlying these conditions. For AD, the APPswe mutation, as well as other dominantly acting neurodegenerative disease genes, should be suitable targets.
Some of the familial forms of AD caused by mutations in the APP gene result in an increased generation and, hence, an accelerated deposition of the Ab peptide in the affected brain. By targeting any of these mutations by gene therapy, Ab levels could be reduced and pathology might thus be slowed down or even prevented. In addition to such familial disease forms, also conditions with an increased gene dosage could potentially be targeted by gene therapeutic strategies aimed at lowering gene expression. For example, both patients with APP duplications and subjects with Down syndrome develop Ab brain pathology as a consequence of a 50% increase of APP expression.
21,22
Herein, we describe how the mutated allele in fibroblasts from AD patients with the APPswe mutation can be targeted with the CRISPR/Cas9 system. By designing gRNAs against this double-nucleotide mutation, we were able to achieve a strongly selective disruption of the mutated allele, leaving the wild-type allele intact. Importantly, we could also demonstrate a decreased generation of Ab40 and Ab42 in the conditioned media from patient cells treated with gRNA against the APP SW allele.
Among the gRNAs against the mutated site, SW1 and SW2 both showed a high efficacy of disrupting the APP SW allele and decreasing Ab levels. These gRNAs were composed of 20 and 19 nt, respectively, whereas SW3 consisted of 17 nt. Both the 20-and 19-nt-long gRNAs were effective in disrupting the APP gene, predominantly by frameshift deletions with an associated decrease in the levels of both Ab40 and Ab42. In contrast, the 17-nt-long gRNA was completely ineffective, suggesting that the gRNA needs to exceed that length for this particular target site. Thus, our data suggest that 17-nt-long matching gRNAs are not universally functional. 13 In this project, we also designed a gRNA against the corresponding non-mutated site. This 20-nt WT gRNA was found to be effective in terms of lowering Ab in the non-mutated human cells by 50%-60%. As expected, also the heterozygous APPswe cells were affected by the WT gRNA treatment and displayed a moderate decrease of Ab levels. Interestingly, the extent of Ab reduction in non-mutated cells by WT gRNA slightly exceeds the 40% reduction in Ab levels that has been reported for the protective APP A673T mutation, originally identified in the Icelandic population. 23 However, in our cell-based model, the degree of Ab reduction will to some extent depend on the stringency of cell sorting after gRNA/Cas9 transfection. It has previously been described that PAM proximal bases confer higher specificity for the CRISPR system. 24 Thus, the combined effect of its proximity to an NGG PAM site and its nature as a double-basepair change makes the APPswe mutation very suitable for CRISPR targeting. Accordingly, we did not observe any indel formation in the APP SW allele when using a gRNA targeting the wild-type allele.
AAV-mediated gene editing by CRISPR has begun to be explored on animal models for various neurodegenerative diseases. Recently, it was demonstrated that targeting of SNPs in linkage disequilibrium with the pathogenic allele in a mouse model of Huntington's disease (HD) could efficiently decrease both mRNA and protein levels of mutant huntingtin. 25 In another recent study, Yang et al. 26 demonstrated that CRISPR-mediated excision of the trinucleotide-repeat region of exon 1 in another HD mouse model could alleviate both brain pathology and motor disturbances in the mice.
So far, no study on the use of CRISPR/Cas9 on animal models for AD has been reported. However, it was recently shown that CRISPRmediated correction of PSEN2 N141I could abolish the electrophysiological deficit and normalize the Ab42/40 ratio in cultured basal forebrain cholingergic neuron derived from human induced pluripotent stem cells with this AD mutation. 27 In this study, we investigated whether our CRISPR/Cas9 strategy could effectively disrupt the APP SW allele in vivo. For that reason, we utilized the Tg2576 mouse model, expressing the APP SW allele and displaying Ab plaque pathology in the brain at 11 or 12 months of age. 28 With AAV-mediated CRISPR/Cas9 delivery, we detected an approximate 2% indel formation in mutant alleles within the injected area. Although this number is relatively low, we have to take into account that we were not able to select for the CRISPR-expressing cells and that these mice harbor approximately 100 copies of the transgene. 28, 29 Targeting a reference locus that is present only in two copies in the genome, as with the patient fibroblasts, we observed a much higher indel formation. This observation suggests that, in the case of APPswe, the limited gene disruption efficiency is a consequence of the high number of target alleles and not an insufficient AAV delivery of CRISPR. Thus, for this proof-of-concept part of the study, we did not attempt to assess functional restoration or reduced Ab plaque pathology, because the behavioral changes in this mouse model are subtle and the CRISPR-disrupted alleles were relatively low in number. Hence, other genetic models, e.g., those based on knockin mutations of the human APP allele, will be needed to properly assess the in vivo efficiency of CRISPR-mediated gene disruption of APPswe or other mutations causing familial AD.
From our data, it is difficult to estimate the extent of cells that would have to be targeted to avoid disease development in the brain of a mutation carrier, but even a small degree of allelic disruption could be sufficient as the pathology is developing gradually over a long period of time. Thus, even if only a minor fraction of all APP alleles were affected in the AAV-injected brains, our approach could be therapeutically meaningful.
Taken together, our study provides the first experimental evidence that the CRISPR/Cas9 method can be used to specifically target an APP allele, causing an inherited form of AD, and normalize the increased expression of Ab that is driving the pathogenesis. Thus, this method has the potential to be developed as a treatment strategy against AD caused by mutations in APP and other genes. Figure 2 for an overview of the study design.
MATERIALS AND METHODS

Please see
Human Fibroblasts
Human APPswe fibroblasts (n = 3) and non-mutated control fibroblasts from subjects of the same family (n = 2) were isolated from skin biopsies and grown in 75-cm 2 flasks (Corning, Corning, NY, USA) in DMEM (Gibco, Waltham, MA) with 10% of fetal bovine serum (FBS) (Gibco), 1Â penicillin/streptomycin (Gibco), and 1Â glutamine (Gibco). This part of the study was approved by the Ethical Committee at Massachusetts General Hospital, Boston and by the Regional Ethical Committee in Uppsala, Sweden (protocol number 2016/131). All experiments concerning human cells were carried out in accordance with the approved protocol.
Animals
Female (6 weeks old) B6;SJL-Tg(APPswe)2576Kha (Tg2576) mice that overexpress the human APP gene with the Swedish mutation were purchased from Taconic Biosciences (Hudson, NY). Mice were kept at a 12-hr light/dark cycle with access to food and water ad libitum. This part of the study was approved by the Institutional Animal Care and Use Committee at Massachusetts General Hospital, Boston (protocol number: 2004N000092). All experiments concerning animals were carried out in accordance with the approved protocol.
Generation of gRNAs and Cas9 Plasmids
The pSpCas9(BB)-2A-GFP (pX458) plasmid was used for the transfection experiments (gift from Dr. Feng Zhang; Addgene plasmid No. 48138).
11 gRNA coding sequences were cloned into pX458 using BbsI (Thermo Scientific, Waltham, MA), as previously described.
11
For AAV-mediated CRISPR delivery, we used the pAAV-pMecp2-SpCas9-spA and pAAV-U6sgRNA(SapI)_hSyn-GFP-KASH-bGH (pX551 and pX552, gifts from Dr. Feng Zhang; Addgene plasmid Nos. 60597 and 60958, respectively). 30 gRNA coding sequences were cloned into pX552 using SapI (Thermo Scientific, Waltham, MA). Insertion of the gRNA cassette was verified by Sanger sequencing using the U6 sequencing primer: 5 0 -GACTATCATATG CTTACCGT-3 0 .
AAV Production
We isolated exosome-associated AAV (exo-AAV) vectors from cell culture media of virus producing HEK293T cells, as previously described. 31, 32 Exo-AAV vectors have been shown to be superior compared to conventional AAV in transduction efficiency, both in cultured cells and living mouse brains. 31, 33 Briefly, a conventional triple transfection protocol was used to introduce the transgene plasmids: the rep/cap plasmid (pXR1 for AAV1 34 and pAR9 for hippocampus and from cerebellum as control. An average indel percent of 1.3% was calculated after high-throughput sequencing compared to no indels identified in cerebellum (*p < 0.05; Mann-Whitney test). Mean ± SD is plotted. (E) Indel profile in vivo (mean ± SD). (F) The most abundant CRISPR-induced changes in vivo. The most common indel was a single-nucleotide insertion (60.3%), the second most common indel a five-nucleotide deletion (21.5%), and the third most common a double deletion (10.1%).
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Molecular Therapy: Nucleic Acids Vol. 11 June 2018AAV9) and the adenovirus helper plasmid (pAdDF6 35 ). Exo-AAV vectors were isolated from the medium three days after transfection using differential centrifugation, as previously described. 31, 36 Vectors were stored at À80 C until use. The virus was titrated using qPCR with primers specific to the inverted terminal repeats of AAV after isolation of the AAV genomes using the Roche High Pure Viral Nucleic Acid Kit (Roche, Basel, Switzerland). 37 
Transfection and Sorting
To introduce CRISPR plasmids into human fibroblasts, we used electroporation (Nucleofector, Lonza, Basel, Switzerland). Approximately one million cells were used for transfection with pX458 containing different gRNAs against APP SW or APP WT . As a control, we used pX458 that did not contain any gRNA sequence (EV). Transfection efficiencies varied between 20% and 50%. Four days after transfection, GFP-positive and GFP-negative cells were sorted by fluorescenceactivated cell sorting (FACS) (using BD FACS Aria II), enabling separation of Cas9-2A-GFP-expressing cells from non-expressing cells. We aimed at sorting out the approximately 5% highest GFP-expressing cells, and the same threshold was kept for every cell line. Each cell population was further cultured until confluency in the 12-well format was reached (approximately 2 months). Cells from one well were harvested for DNA extraction, and two additional wells were used to collect conditioned media for ELISA measurements.
Neuronal Culture
We set up timed pregnancies of the Tg2576 mice for embryo-derived, primary neuronal cultures. At embryonic day 14-17, the pregnant females were euthanized by CO 2 and the embryos were collected. After dissection, the embryonic cortices were collected separately in Hank's balanced salt solution with 1Â penicillin/streptomycin and 10 mM HEPES buffer (HBSS) and placed on ice. The cortices were centrifuged at 200 Â g for 5 min and dissociated in 500 mL plating medium (Neurobasal medium with 10 mM HEPES, 1Â penicillin/streptomycin, 1Â glutamine, and 10% FBS). Approximately 300,000 cells were plated in each well in plastic 12-well plates (Corning) coated with poly-L-ornithine (1:4 in H 2 O; Sigma-Aldrich) and laminin (1:1,000 in PBS). After 5 hr, the media was replaced with Neurobasal medium, similar to the plating medium but containing serum-free B-27 supplement instead of FBS. On day 3 after plating, the transgenic neurons were transduced with exo-AAV1-Mecp2-SpCas9-spA (referred to as AAV-Cas9) mixed with exo-AAV1-U6sgRNA(SapI)_ hSyn-GFP-KASH-bGH (referred to as AAV-gRNA). We added 10 4 or 10 5 genomic copies per cell using a 2:1 AAV-Cas9 to AAVgRNA ratio. Control cells were transduced with only AAV-Cas9 and AAV-gRNA construct without specific target gRNA (EV). The neurons were treated for 1 day with the AAV vectors, and DNA was isolated as described below at 21 days in vitro (DIV). All products were purchased from Thermo Fisher Scientific if not otherwise stated.
DNA Sequencing
DNA was extracted from human fibroblasts and mouse cortical neurons (Blood and Tissue Kit, QIAGEN, Valencia, CA) and resuspended in 10 mM TRIS-HCl (pH 8.5). We performed a PCR using a high-fidelity DNA polymerase (Phusion, New England Biolabs, Ipswich, MA) with intronic primers flanking exon 16 of the APP gene in human fibroblast cultures (forward: 5 0 -CAGGATGAACCAG AGTTAATAGGT-3 0 ; reverse: 5 0 -CAGGATGAACCAGAGTTAATA GGT-3 0 ). On genomic DNA samples from Tg2576 mouse neuronal cultures/brain samples, we performed PCR using primers in the coding sequence (as the tg2576 strain contains human cDNA without introns), flanking the mutation site (forward: 5 0 -CAGCCAACACA GAAAACGAA-3 0 ; reverse: 5 0 -CACCTTTGTTTGAACCCACA-3 0 ). The PCR products were run on a 1% agarose gel and then purified using a column-based precipitation method (QIAGEN). The purified PCR products (400-600 ng DNA) were submitted for Sanger sequencing and targeted high-throughput sequencing (Massachusetts General Hospital DNA Core, Cambridge, MA).
Next-Generation Sequencing and Bioinformatic Analyses
Following ligation of barcoding adapters and PCR amplification, DNA fragments were sequenced with MiSeq sequencer (Illumina, San Diego, CA, USA), generating 150-nt-long paired-end reads. Processing of DNA amplicon and sequencing was performed by the CCIB DNA Core Facility at Massachusetts General Hospital (Cambridge, MA). The quality of the reads was inspected with Fastqc application (version 0.11.3). The reads from heterozygous samples were segregated based on the presence of wild-type ("TCTGCATCCATC" and its reverse complement "GATGGATGCAGA") and mutant ("TCTG CATCCAGA" and its reverse complement "TCTGGATGCAGA"; mutation site is underlined) sequences using custom Python script (version 3.4.2). An alignment of both segregated and non-segregated reads to the region of human APP gene (chr21: 27269744-27270179) was achieved with the bwa mem program (version 0.7.8; parameters bwa mem -M -t 6). The alignment was performed against the mutant sequence for all samples where gRNAs had been designed to target the mutant allele. This approach was chosen to prevent recognition of SNPs together with CRISPR-induced indels as a complex variant, which would have resulted in a less precise identification of particular indels. Conversion to the BAM format, sorting, and indexing were performed with the Samtools (version 1.3) . The sequence variants representing indels present at an allelic frequency higher than 0.0001 were called by means of Vardict. The number of reads aligned to APP gene was calculated using BEDtools (version 2.23.0). Vcf. files generated with Vardict were parsed with VariantAnnotation package from Bioconductor to determine the type, length, frequency, and position of indels in wild-type and mutant reads. Homozygous samples were subjected to the same workflow without initial read segregation.
ELISA Measurements
The CRISPR/Cas9-modified human fibroblasts from patients and controls were maintained in DMEM with 10% FBS and 1Â penicillin/streptomycin. For ELISA measurements, cells were replated and grown to confluency before they were further incubated for 48 hr in FBS-free cell culture medium. The conditioned medium was collected and subjected to ELISAs specific for Ab40 (BNT77-BA27; No. 294-64701) and Ab42 (BNT77-BC05; No. 292-64501; Wako Pure Chemicals Industries, Osaka, Japan). Both assays were performed according to the manufacturer's instructions. A total of 90 mL serum-free conditioned media with 10 mL diluent buffer was analyzed in duplicates from each cell line. Two separate biological replicates were analyzed for all conditions. To normalize the Ab levels to total protein levels, we performed Pierce BCA protein determination assay (Thermo Fisher Scientific) on the same samples.
Western Blotting
After having reached confluency in the 6-well format, fibroblasts were lysed using 50 mL RIPA buffer (Abcam, Cambridge, MA) supplemented with Complete protease inhibitor cocktail (Roche, Basel, Switzerland), before subjecting the samples to 15 min centrifugation at 12,000 Â g (4 C). Total protein levels were measured on the supernatants using the Pierce BCA assay (Thermo Fisher Scientific). For each sample, 15 mg protein in lithium dodecyl sulfate loading buffer (Thermo Fisher Scientific) was loaded onto a 10-well 4%-12% Bis-Tris gel and run on ice for 1.5 hr at 150 V. Transfer to a nitrocellulose membrane was carried out on ice for 75 min at 30 V. Next, the membrane was incubated with one of the following primary antibodies (stripping in 0.4 M NaOH by 10 min with incubation at room temperature [RT] on a rocker was performed between each run): anti-C terminus (C-APP; ab32136; Abcam) and anti-N terminus (N-APP; clone 22C11; No. MAB348; Millipore, Billerica, MA) APP antibodies. Anti-GAPDH (No. NB100-56875; Novus Biologicals, Littleton, CO) and anti-vinculin (ab129002; Abcam) were both used as loading control antibodies. All antibodies were incubated in 5% milk in Tris-buffered saline with 0.1% Tween-20 (1:1,000) overnight at 4 C. Horseradish-peroxidase-linked secondary antibodies against rabbit (GE Healthcare, Chicago, IL) or mouse (Bio-Rad, Hercules, CA) immunoglobulin G (IgG) were used at a 1:20,000 dilution in 5% milk for 1 hr at RT, and ECL Prime (GE Healthcare) was used for development on Amersham hyperfilm ECL (GE Healthcare).
Intracerebral Injections in Mice
The Tg2576 mouse model, expressing Swedish KM670/671NL APP under the PrP promoter, was used for the in vivo experiments. Five mice were injected unilaterally into hippocampus (anteroposterior [AP] À2, mediolateral [ML] À1.5, and dorsoventral [DV] À2 related to bregma). A total of 2.3 Â 10 9 genomic copies of AAV9-Mecp2-SpCas9-spA and AAV9-U6sgRNA(SW1 gRNA)-hSyn-GFP-KASHbGH were injected at a 1:1 ratio in a total volume of 3 mL at a rate of 0.2 mL/min. After 1 or 2 months, the mice were sacrificed, followed by dissection of the injected hippocampus as well as of the cerebellum (as a non-transduced control region). Total DNA was extracted by QIAGEN Blood and Tissue kit with manual homogenization of the brain using disposable pestles (Fisherbrand; No. 12-141-363).
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